Four serum amyloid A protein (SAA) genes and two gene products, apo-SAA1 and apo-SAA2 were identified in BALB/c mice (type A). SJL/J mice (type B) are thought to be defective in apo-SAA2 expression. A unique variant of mouse apo-SAA was identified in SJL/J mice by isoelectric-focusing analysis of high-density lipoprotein from endotoxin-treated mice. Complete amino-acid-sequence analysis of this quantitatively major form of SJL/J apo-SAA (pl 5.9) showed it to be identical with the apo-SAA2 isoform from BALB/c mice, except for the substitution of aspartic acid for alanine at position 101. Isoform-specific analysis of mRNA from liver of BALB/c and SJL/J mice and their F1 hybrid progeny (CSJLFl /J) mice revealed further differences in the 3' untranslated regions of the genes, not only encoding apo-SAA2 and apo-SAA pl 5.9, but also apo-SAA . The SAA genes of SJL/J mice thus differ from BALB/c in exon 4. Additional minor isoforms corresponding to apo-SAA2 (pI 6.3) in SJL/J mice and apo-SAA (pl 5.9) in BALB/c mice were identified. We propose that, when analysing a multigene family such as SAA, thorough analysis at the protein level should complement molecular-biological approaches where the use of a too-limited repertoire of probes can obscure complexities.
INTRODUCTION
The genomic structure of the mouse serum amyloid A protein (SAA) gene family has been most extensively studied in BALB/c mice [1] . Studies have thus far identified three active genes and a pseudogene with deletions of exons 1 and 2 and a portion of exon 3 resulting in an in-frame stop codon [1, 2] . The 3200 bp SAA1 and SAA2 genes are 9600 identical and code for the apolipoproteins apo-SAAl and apo-SAA2 [1, 2] . Both apo-SAA, and apo-SAA2 associate with the high-density-lipoprotein 3 subclass (HDL3) in the plasma and are rapidly transported to peripheral tissues [3] . The third active gene, SAA3, is co-ordinately transcribed in the liver with the SAA1 and SAA2 genes, but a corresponding protein has not been found [4, 5] .
Taylor & Rowe [6] surveyed 48 mouse strains and substrains for restriction-fragment-length polymorphisms (RFLP) associated with the SAA gene family. BALB/c mice, which along with 32 other inbred mouse strains exhibited a common RFLP pattern, were designated type A. SJL/J mice were distinct from type A mice and along with seven other inbred strains of mice were designated type B on the basis of common RFLPs. It was not possible to determine whether the differences resided within the coding regions of the SAA genes.
In the present study we compared the apo-SAA phenotype of SJL/J mice with BALB/c mice and their Fl progeny CSJLF1/J mice. SJL/J mice were chosen as they were originally thought to be resistant to amyloid A protein (AA) amyloidosis, owing to a defect in apo-SAA2 production [2] , but recently were found to develop amyloidosis of the AA type using amyloid-enhancing factor (AEF) [7] . In addition to the expected apo-SAA1 and apo-SAA2 isoforms, novel minor apo-SAA isoforms of pl 6.15 and 5.9 were detected in BALB/c (type A) mice. In SJL/J mice (type B), minor isoforms isoelectrically corresponding to apo-SAA2 and apo-SAA pI 6.15 were detected. However, in SJL/J mice the pl 5.9 isoform was the second quantitatively major isoform rather than apo-SAA2. F1 hybrid mice (CSJLFI/J) responded to LPS with codominant expression of three quantitatively equivalent apo-SAA isoforms, apo-SAA1 (pl 6 .45), apo-SAA2 (pl 6.3) and apo-SAA (pl 5.9). The minor apo-SAA isoforms of pI 6.15 and pl 5.9 in BALB/c mice and apo-SAA2 of pI 6.15 in SJL/J mice were analysed by N-terminal sequencing, twodimensional gels and immunoblotting (results not shown). These studies suggest that the minor isoforms could represent novel intact apo-SAA molecules.
To define whether the mechanism for the alternate display of dominance between apo-SAA2 (pl 6.3) and the pl 5.9 isoform in type A and B mice resides at the genomic level or is the result of post-translational modification(s), we determined the complete amino acid sequence of the pl 5.9 isoform of SJL/J mice by using microsequencing techniques. Additionally we compared SAA expression in type B (SJL/J) mice with that of type A (BALB/c) mice using seven different oligonucleotide probes corresponding to the three known active genes in the BALB/c family as determined by Lowell et al. [1] .
Our protein sequence and mRNA hybridization data indicate that the pI 5.9 isoform is the protein product of an SAA gene differing from the SAA2 gene in exon 4. Our Northernhybridization analysis indicates that additional differences reside at the SAA 1 locus since, although the apo-SAA1 of BALB/c and SJL/J mice are isoelectrically indistinguishable, the untranslated 3' portion of exon 4 does differ between these strains. MATERIALS AND METHODS BALB/cbyJ, SJL/J and CSJLF1/J mice, [6] [7] [8] Quantification was by pyridine extraction of Coomassie Bluestained bands as described in [12] . Nine bands were pooled, boiled in SDS sample buffer, loaded into a single well and resolved in a second-dimension 5-20 %-(w/v) acrylamide/SDS (0.1 0, w/v) gel with a 300 acrylamide stacking gel [13] . Subsequently the isoform was electroblotted [14] [19] and exposed to X-ray film at -70°C for 2-24 h. After hybridization of SAA mRNAs with radiolabelled oligonucleotide probes and autoradiography, the oligonucleotides were stripped from the blots and the quantity of actin mRNA in each sample was determined by hybridization with rat /3-actin cDNA [22] radiolabelled with [OC-32P]dCTP using a random priming kit (Bethesda Research Laboratories). The total mRNA content of each lane was normalized on the basis of its ,-actin hybridization signal.
The relative amounts of exon-specific SAA mRNA and ,1-actin mRNA were determined by densitometric scanning of autoradiographs using an Electrophoresis Data Center (Helena Laboratories, Beaumont, TX, U.S.A.). Both quantity of RNA loaded and length of exposure time were varied to assure linear response between quantity of mRNA and intensity of hybridization signal.
by trypsin, Endoproteinase Lys-C and CNBr cleavage of the protein as well as by N-terminal sequencing (Fig. 3) .
The reverse-phase h.p.l.c. separation of peptides generated by trypsin digestion of apo-SAA (pl 5.9) yielded the profile in Fig.   4 (a). Peaks T1-T8 provided the sequences shown in Fig. 3 . Peak T5, containing amino acids 29-34 represents an incomplete digest. Peak T4, also an incomplete digest, was sequenced for 14 cycles, starting at amino acid 71. Peak T7 contained two peptides, namely a major peptide representing amino acids 39-46, also sequenced in peak T2, as well as a minor peptide, representing amino acids 19-24. Endoproteinase-Lys-C-generated peptides of apo-SAA (pl 5.9), separated by h.p.l.c., produced the chromatogram shown in Fig. 4(b) . Peaks LI, L4 and L5 yielded peptides identical with amino acid segments 25-29, 57-77 and 57-80 of mouse SAA2 [20] respectively. Peak L3 yielded the C-terminal part of the molecule which was similar to mouse apo-SAA2 [20] , except at position 101, where aspartic acid was substituted for alanine. Peak L2 contained two peptides, one identical with amino acids 34-56 of 
RESULTS
Analytical electrofocusing and immunoblotting of mouse apo-SAA isoforms The apo-SAA isoform distribution of BALB/c mice (type A) was compared with that of SJL/J mice (type B) (Figs. Ia and lb). Both express apo-SAA1 (pl 6.45) as a major isoform. Apo-SAA2 (pl 6.3), a major isoform in BALB/c mice, is only minimally expressed in SJL/J mice. In this strain an apo-SAA isoform of pl 5.9, only minimally expressed in BALB/c mice, becomes the second major apo-SAA isoform. The F1 progeny of these two strains (CSJLFI/J) exhibit co-dominant expression of the three major apo-SAA isoforms present in the parent strains, with the minor pI 6.15 isoform of the parent strains clearly present in each individual F1 mouse (Fig. 2) .
Primary structure of mouse apo-SAA pl 5.9 The primary structure of mouse apo-SAA pl 5.9 was determined from the sequences of overlapping peptides generated mouse apo-SAA2 [20] and one consisting of amino acids 90-103, confirming the single amino acid substitution at position 101. Fragments generated by CNBr cleavage of electroeluted apo-SAA (pl 5.9) and separated by h.p.l.c. gave the profile in Fig. 4(c) . CNBr cleavage could have been performed on the PVDF membrane, but we were concerned that the long peptides generated might not easily dissociate from the membrane. Two of the peaks chosen for analysis provided the data necessary to complete the primary structure of the pl 5.9 protein. Peak CBI represents amino acids 77-103, again confirming the amino acid substitution at position 101. This fragment also provided the sequence of the five amino acids not identified by the microsequencing strategies involving enzymic digestion of the protein electroblotted on to PVDF membrane. Two peptides were contained in peak CB2, namely those representing amino acids and 24-76. The first peptide represents an incomplete fragmentation. Both peptides were sequenced for 17 cycles.
N-Terminal sequencing of the protein electroblotted on to PVDF membrane provided the first 27 amino acids (Fig. 3) .
The primary structure of apo-SAA (pI 5.9) differs from that of apo-SAA2 only at position 101 (Fig. 3) , where an aspartic acid is substituted for alanine.
RNA hybridization analysis
We find that, on the basis of hybridization with the exon 2 and exon 3 probes, BALB/c, SJL/J and their F1 hybrids express SAA genes to an equivalent extent after LPS administration. These data are reflected in Fig. 5 , with the densitometric analyses being given in Table 1 . When the 17-mer exon 3 probe common to SAA,, SAA2 and SAA3 is used, it is evident that comparable amounts ofmRNA were loaded for analysis ( Fig. 5; Table 1 ). The [4] . The set of 18-mer exon 2 probes corresponds to the region of exon 2 encoding residues 4-9; a single 1 7-mer probe corresponds to the portion of exon 3 encoding residues 37-42 identical in SAA1, SAA2 and SAA3 gene transcripts, and the set of probes designed for the 3' untranslated region [18] corresponds to 18 bases located 14 bases beyond the termination codons. A, B and F1 are the haplotypes. 1 8-mer exon 2 probe, directed to distinguish transcripts encoding residues 4-9 from the three mouse genes, again shows comparable amounts of mRNA in haplotype A, B and F1 hybrid mice.
However, when the set of exon 4 probes designed to distinguish the three genes over an 18-base region of the 3' untranslated region of BALB/c mice was used, neither the SAA1 nor SAA2 probe showed any hybridization signal in SJL/J mice. The SAA3 probe gave a reduced signal in this strain that was less than 25 % of the signal of BALB/c mice. The exon 4 probe gives an intermediate signal in F1 mice for both the SAA1 and SAA2genes. These data confirm divergence between type A and type B mice in exon 4 of all three known mouse genes. No size differences between the various mRNAs could be detected by their migration in Northern-blot-hybridization analysis.
Members of the SAA gene family are about 3200 bp in length. They consist of four exons, the first of which encodes the 5' untranslated region. In the present study we demonstrate that the structure of the SAA gene family of SJL/J mice differs from that of BALB/c mice. We demonstrate by amino-acid-sequence analysis the existence of a previously unrecognized variant of the apo-SAA family with an isoelectric point of 5.9 . This isoform appears to be qualitatively similar in BALB/c and SJL/J mice, but quantitative differences are apparent during LPS-induced inflammation. In primary structure it is very similar to apo-SAA2, differing only at position 101, where an aspartic acid residue has been substituted for an alanine. The amino acid substitution at position 101 is most likely the result of a single base change in the translated region of exon 4 where GCC -. GAC. This substitution of a negatively charged amino acid for a neutral amino acid is reponsible for the acidic shift of the pl. Theoretical calculation of the pl of the pI 5.9 isoform, as we described for human apo-SAA isoforms [11] , corresponds to the measured pI of 5.9. This pl 5.9 isoform is most likely the substrate for amyloid fibrils in SJL/J mice, owing to its identity with SAA2 in the 76 N-terminal amino acids that constitute AA.
The most likely reason why the pl 5.9 isoform was not previously detected in SJL/J mice is that, when analysed by the 6.4% urea/SDS/PAGE system, commonly utilized to separate apo-SAA1 from apo-SAA2, the pl 5.9 isoform co-migrates in a single band with apo-SAA1 [23] .
Northern analyses reveal that exon 4 of the pl 5.9 isoform differs further from SAA2 in the 3' untranslated region where an SAA2-specific probe for this region fails to detect any SAA2 mRNA, whereas the mRNA for the major pl 5.9 isoform is abundant (Fig. 5) . Similarly, the BALB/c-specific SAA1 probe modelled on the 3' untranslated region fails to hybridize in the case of SJL/J mice. This leaves the interesting situation where isoelectrically identical SAA1 molecules in the two strains are translated from mRNAs that differ in exon 4. It is possible that exon 4 of pI 5.9 and SAA1 of SJL/J mice are identical in that the aspartic acid substitution at position 101 changes the proteincoding region of exon 4 of pl 5.9 to that of SAA . The weak hybridization of the SAA3 probe for this region in SJL/J mice suggests that even this gene's exon 4 differs from BALB/c.
It has been estimated that the mouse SAA genes were derived from an ancestral gene which, through gene duplication, gave rise to the SAA 1/2 and SAA3 subfamilies over 85 million years ago, and that, through gene conversion, the SAA1/2 subfamily gave rise to the SAA] and SAA2genes [1, 21] . Type A and B mice have qualitatively the same isoforms. The fact that type A mice express the pI 5.9 isoform and type B mice the apo-SAA2 isoform, albeit in a minor way, suggests the possibility that the pl 5.9 Table 1 . Relative abundance of SAA exon expression in type A and B mice and their F1 hybrids Seven different oligonucleotide probes corresponding to the three known active genes in BALB/c (type A mice) were hybridized with identical sets of polyadenylated liver RNA from LPS-treated mice (Fig. 5) . After autoradiography, the bound SAA oligonucleotide probe was removed and the blots were hybridized with the fl-actin cDNA probe [22] . The isoform is not the result of mutation(s) in exon 4 at the SAA2 locus but is, in fact, the product of a new gene that differs in quantitative acute-phase expression between the strains. It is conceivable that the control regions responsible for the prolific expression of the respective SAA genes have converted to a lesser extent than the coding regions and segregated with different SAA-gene conversion copies in BALB/c and SJL/J mouse strains. Our isoelectric-focusing data are compatible with the hypothesis that there are more SAA,2-gene conversion copies than previously found. We have proved it for the pl 5.9 isoform. The pl 6.15 isoform (Fig. 1) could conceivably represent the protein product of yet another undiscovered gene. The fact that these putative conversion copies are so similar has precluded their prior detection by molecular-biological techniques.
